Churchward-Venne TA, Cotie LM, MacDonald MJ, Mitchell CJ, Prior T, Baker SK, Phillips SM. Citrulline does not enhance blood flow, microvascular circulation, or myofibrillar protein synthesis in elderly men at rest or following exercise. Am J Physiol Endocrinol Metab 307: E71-E83, 2014. First published May 13, 2014; doi:10.1152/ajpendo.00096.2014.-Aging is associated with anabolic resistance, a reduced sensitivity of myofibrillar protein synthesis (MPS) to postprandial hyperaminoacidemia, particularly with low protein doses. Impairments in postprandial skeletal muscle blood flow and/or microvascular perfusion with hyperaminoacidemia and hyperinsulinemia may contribute to anabolic resistance. We examined whether providing citrulline, a precursor for arginine and nitric oxide synthesis, would increase arterial blood flow, skeletal muscle microvascular perfusion, MPS, and signaling through mTORC1. Twentyone elderly males (65-80 yr) completed acute unilateral resistance exercise prior to being assigned to ingest a high dose (45 g) of whey protein (WHEY) or a low dose (15 g) of whey protein with 10 g of citrulline (WHEY ϩ CIT) or with 10 g of nonessential amino acids (WHEY ϩ NEAA). A primed, continuous infusion of L-[ring-13 C6] phenylalanine with serial muscle biopsies was used to measure MPS and protein phosphorylation, whereas ultrasound was used to measure microvascular circulation under basal and postprandial conditions in both a rested (FED) and exercised (EX-FED) leg. Argininemia was greater in WHEY ϩ CIT vs. WHEY and WHEY ϩ NEAA from 30 to 300 min postexercise (P Ͻ 0.001), but there were no treatment differences in blood flow or microvascular perfusion (all P Ͼ 0.05). Phosphorylation of p70S6K-Thr 389 was greater in WHEY vs. WHEY ϩ NEAA (P ϭ 0.02). Postprandial MPS was greater in WHEY vs. WHEY ϩ CIT and WHEY ϩ NEAA under both FED (WHEY: ϳ128%; WHEY ϩ CIT: ϳ56%; WHEY ϩ NEAA: ϳ38%) and EX-FED (WHEY: ϳ251%; WHEY ϩ CIT: ϳ124%; WHEY ϩ NEAA: ϳ108%) conditions (P ϭ 0.003). Citrulline coingestion with a low quantity of protein was ineffective in augmenting the anabolic properties of protein compared with nonessential amino acids. citrulline; myofibrillar protein synthesis; elderly DECLINES IN MUSCLE MASS WITH AGING are due to rates of myofibrillar protein synthesis (MPS) being less than the net rate of muscle protein breakdown (37). Aminoacidemia and physical exercise are potent anabolic stimuli that elicit the synthesis of new muscle proteins; however, aging is associated with a reduced MPS response following both hyperaminoacidemia (54) and resistance exercise (28), a phenomenon termed "anabolic resistance" (for review, see Ref. 10). Although the mechanisms underlying anabolic resistance are not fully understood, age-related impairments in blood flow may be involved (31, 48, 50) .
citrulline; myofibrillar protein synthesis; elderly DECLINES IN MUSCLE MASS WITH AGING are due to rates of myofibrillar protein synthesis (MPS) being less than the net rate of muscle protein breakdown (37) . Aminoacidemia and physical exercise are potent anabolic stimuli that elicit the synthesis of new muscle proteins; however, aging is associated with a reduced MPS response following both hyperaminoacidemia (54) and resistance exercise (28), a phenomenon termed "anabolic resistance" (for review, see Ref. 10) . Although the mechanisms underlying anabolic resistance are not fully understood, age-related impairments in blood flow may be involved (31, 48, 50) .
Aminoacidemia and insulinemia increase MPS (54) , arterial blood flow (54) , and muscle microvascular perfusion (52) in the young; however, these responses are blunted in the elderly (48, 54) . Age-related impairments in vascular function may be due in part to reduced nitric oxide (NO) synthesis (45) and a reduced NO-mediated vasodilatory response to, for example, feeding-induced hyperinsulinemia (12) . Consequently, the reduced amino acid delivery to tissues may diminish feeding mediated increases in MPS in the elderly.
Citrulline is a nonprotein amino acid that is an endogenous precursor for the synthesis of arginine (15) . When ingested, citrulline, unlike arginine, is not metabolized in the intestine or liver (58) and has been reported to increase argininemia (41) and NO synthesis (21) more effectively than arginine. Citrulline may possess the capacity to enhance MPS via mechanisms related to increases in endothelial NO availability and subsequent enhancement of postprandial NO-mediated vasodilation. Citrulline may also be a nutrient-signaling molecule with the capacity to stimulate MPS (16) . Hence, citrulline may be a useful pharmaconutrient to counteract age-related anabolic resistance of MPS to hyperaminoacidemia through NO mediated increases in blood flow and skeletal muscle microvascular perfusion and/or via acting as a direct nutrient-signaling molecule capable of activating mammalian target of rapamycin complex 1 (mTORC1) signaling and stimulating MPS.
Research from our group (39, 59, 60) and others (36) has shown a dose-dependent relationship between protein intake and MPS in the elderly, with protein doses of ϳ40 g resulting in a greater stimulation of MPS than doses of ϳ10 -20 g. The aim of the present study was to assess whether a smaller dose of protein (15 g ) that was demonstrated previously to be suboptimal for the stimulation of MPS rates in the elderly (36, 59, 60) could be made more anabolic toward skeletal muscle through coingestion with 10 g of citrulline (WHEY ϩ CIT) vs. a negative control consisting of the same dose of whey protein supplemented with a mixture of nonessential amino acids (WHEY ϩ NEAA). We utilized a 10-g dose of citrulline since this has been shown to saturate renal arginine synthesis with higher doses promoting urinary arginine excretion (32) . As a positive control, we compared these treatments to a treatment (WHEY) consisting of three times the quantity of whey protein (45 g ), a dose of protein that is more optimal for the highest reported stimulation of MPS rates in the elderly (36, 59, 60) . We hypothesized that WHEY ϩ CIT would stimulate MPS rates comparable with that observed following WHEY despite containing only 33% of the whey protein due to improved muscle microvascular perfusion. In contrast, we hypothesized that WHEY ϩ NEAA would result in reduced microvascular perfusion and MPS compared with both WHEY and WHEY ϩ CIT since nonessential amino acids do not stimulate increased MPS rates (43, 53) .
METHODS
Ethical approval. This study was approved by the Hamilton Health Sciences Research Ethics Board and conformed to the standards for the use of human subjects in research as outlined in the most recent update of the Declaration of Helsinki. The study also conformed to standards established by the Canadian Tri-Council Policy on the ethical use of human subjects. Each participant was informed of the purpose of the study, experimental procedures, and potential risks prior to written consent being provided.
Study participants. Twenty-one independently living healthy elderly adult men between 65 and 80 yr of age inclusive were recruited to participate in the study via advertisements posted on the McMaster University campus and in local newspapers. The characteristics of the study participants are presented in Table 1 . In a blinded manner, participants were randomly assigned to one of three treatment groups (n ϭ 7/group) matched on body weight. Participants were lightly to moderately active, had a resting blood pressure of Ͻ130/90, and were considered generally healthy based on responses to a routine health screening questionnaire. Exclusion criteria included smoking, diabetes mellitus, cardiovascular disease, kidney disease, and corticosteroid use. Subjects taking medication to control blood pressure were allowed into the study.
Pretesting. Approximately 1 wk prior to the experimental infusion trial, study participants underwent unilateral strength testing for the knee extensors. Participants performed a series of graded-load knee extensions to determine their 10-repetition maximum strength (10-RM), with their self-reported dominant leg using a seated knee extension device (Atlantis C-605 unilateral leg extension). In addition, each participant underwent a whole body dual-energy X-ray absorptiometry scan (QDR-4500A, software version 12.31; Hologic, Bedford, MA) to measure body composition (Table 1) . Participants were instructed to abstain from strenuous physical exercise for 72 h prior to the experimental infusion trial and to consume their evening meal no later than 2000 the evening prior to the trial.
Physical activity. Participants were required to wear a pedometer (Accusplit, Livermore, CA) for 3 days immediately prior to the experimental infusion trial to monitor their daily step count. Participants were instructed to begin using the pedometer upon waking and to remove it immediately prior to sleep after recording their daily step count.
Dietary intake. Participants were required to complete diet records for 3 days immediately prior to the experimental infusion trial to provide an estimate of their habitual macronutrient intake as analyzed using a commercially available software program (NutriBase version 11.0; CyberSoft). Reference lists for portion size estimates were provided to the study participants, who were instructed to record all food or drink consumed in a diet log during the 3-day period.
Experimental protocol. Participants reported to the laboratory via automobile or public transportation at ϳ0600 on the morning of the experimental infusion trial following an overnight fast. A catheter was inserted into an antecubital vein to obtain a baseline blood sample prior to initiating a 0.9% saline drip to keep the catheter patent to allow for repeated arterialized blood sampling. Arterialized blood samples (13) were obtained repeatedly during the infusion trial ( Fig. 1) by wrapping a heating blanket around the forearm. Blood samples were collected into 4-ml EDTA evacuated tubes and placed on ice. A second catheter was inserted into the antecubital vein of the opposite arm prior to initiating a primed, continuous infusion (0.05 mol·kg Ϫ1 ·min Ϫ1 , 2.0 mol/kg prime) of L-[ring-13 C6]phenylalanine (Cambridge Isotope Laboratories, Woburn, MA). The infusate was passed through a 0.2-m filter before entering the blood. Subjects then rested for ϳ1.5 h in a supine position, at which point resting heart rate and blood pressure were measured with an automated sphygmomanometer (Dynamap Pro 100; Critikon, Tampa, FL) immediately prior to assessment of blood flow through the right and left common femoral artery using a Vivid q BT10 (General Electric Healthcare, Values are means Ϯ SE (n ϭ 7/treatment group). WHEY, 45 g of whey protein; WHEY ϩ CIT, 15 g of whey protein supplemented with 10 g of citrulline; WHEY ϩ NEAA, 15 g of whey protein supplemented with 10 g of nonessential amino acids; BMI, body mass index; 10-RM, 10-repetition maximum. Fig. 1 . Schematic of the experimental protocol. Participants were block-randomized to 1 of 3 possible treatment groups in a blinded fashion (n ϭ 7/treatment group). Prior to resistance exercise (RE) and treatment administration, each subject underwent baseline measurements of bulk blood flow and microvascular circulation prior to undergoing a unilateral biopsy. Treatments were administered immediately following unilateral (UNI) RE consisting of 6 sets of 8 -10 repetitions of seated knee extension with a 2-min interset rest interval. *Blood sample. Boldfaced arrow indicates a biopsy sample; thin arrow indicates measurement of bulk blood flow (bilateral) and microvascular circulation (bilateral). FED, rested fed leg; EX-FED, exercised fed leg; CEUS, contrast enhanced ultrasound; MPS, myofibrillar protein synthesis; WHEY, 45 g of whey protein; WHEY ϩ CIT, 15 g of whey protein supplemented with 10 g citrulline; WHEY ϩ NEAA, 15 g of whey protein supplemented with 10 g nonessential amino acids.
Milwaukee, WI) echocardiography console and linear array transducer to obtain basal measurements of conduit femoral artery flow to each leg. Immediately following heart rate, blood pressure, and femoral flow measurements, perflutren lipid microspheres (Definity; Lantheus Medical Imaging, North Billerica, MA) were injected into the antecubital vein to examine variables related to microvascular circulation within each vastus lateralis muscle simultaneously by contrast-enhanced ultrasound (CEUS) imaging. After ϳ3 h of tracer incorporation, participants underwent a single skeletal muscle biopsy. Muscle biopsies were obtained from the vastus lateralis muscle using a 5-mm Bergström needle custom-adapted for manual suction under 2% xylocaine local anaesthesia. The tissue samples were freed from visible blood, fat, and connective tissue and frozen immediately in liquid nitrogen for further analysis, as described previously (6, 56) .
The basal (fasted) fractional synthetic rate (FSR) was calculated based on the 13 C enrichment of mixed plasma proteins obtained from the preinfusion blood sample and skeletal muscle biopsy following ϳ3 h of tracer incorporation (8, 46) . Following the first biopsy, participants performed an acute bout of unilateral seated knee extension resistance exercise (Atlantis C-605 unilateral leg extension) consisting of six sets of 8 -10 repetitions at ϳ80% of their previously determined 10-RM with an interset rest interval of 2 min. Following completion of the resistance exercise, participants immediately ingested their designated nutrient treatment in a blinded manner (Table 2) and returned to bed, where they rested in a supine position for the remainder of the protocol. Heart rate, blood pressure, and blood flow through the right and left common femoral arteries were then assessed at 15, 30, 60, 90, 120, 180, 240 , and 300 min postexercise, whereas CEUS-derived measurements of microvascular circulation were obtained at 90 min following exercise and treatment administration. Bilateral biopsy samples were obtained from the vastus lateralis muscle at 150 min and 300 min following exercise and treatment administration. Each biopsy sample was obtained from a separate incision ϳ2-3 cm apart. The unilateral exercise model employed allowed us to obtain measurements of blood flow, microvascular circulation, MPS, and protein phosphorylation status under resting basal conditions and in the postprandial state from a rested fed (FED) and exercise-fed (EX-FED) leg. Details of the infusion protocol are outlined in Fig. 1 .
Femoral artery blood flow. At each time point examined, the diameter of the common femoral artery, ϳ2-3 cm proximal to the bifurcation of the superficial and profundus segments, was determined in both legs (FED and EX-FED) using the Vivid q BT10 (General Electric Healthcare) echocardiography console and linear array transducer (12L-RS) operating in Duplex mode. Brightness mode images of the common femoral artery were acquired at a frequency of 13 MHz, and a frame rate of 10 frames/s for 30 s at each time point. Consistent positioning of the probes between measurements within a limb for each participant was ensured using anatomical landmarks. Artery diameters were determined offline using electronic callipers (Echopac Version 110.0.2; GE Medical Systems) on the end-systolic and end-diastolic frames. The arterial diameter value at each time point represents the average of nine sequential end-systolic and end-diastolic measurements. Simultaneously, blood velocity signals were obtained using pulsed-wave Doppler (4 MHz), with the sample gate encompassing the entire cross-section of the vessel and the signal adjusted for insonation angle (22) . Automated peak velocity tracings were generated offline using the internal analysis tool (Echopac Version 110.0.2; GE Medical Systems) during each 30-s data collection window, and the average peak velocity was subsequently generated. The mean blood velocity (MBV) was calculated to be 50% of the peak blood velocity according to the assumption of laminar flow in the straight section of the common femoral artery where the pulsed-wave velocity signal was obtained.
Microvascular flow. Microvascular circulation was measured bilaterally and simultaneously within the vastus lateralis muscle under basal (fasting) conditions and in the postprandial period under both FED and EX-FED conditions using CEUS while the participant lay supine. The temperature in the testing room was consistent and held at 22°C. Participants were instructed to remain as still as possible during the measurement. Real-time contrast imaging was used to record the acoustic time-intensity curves generated from the resonating microbubbles in the area of interest and subsequently determine the microbubble appearance characteristics following the bolus injection of the agent using curve-fitting techniques, as described previously (24) . Perflutren lipid microspheres (Definity) were activated by a vial mixer (Vialmix; Lantheus Medical Imaging) at 75 Hz for 45 s, at which point the activated microbubbles were drawn into a sterile syringe. Prior to microbubble administration, both ultrasound transducers were placed in custom-made clamp stands that were attached to the examination bed and positioned to permit visualization of vastus lateralis muscle tissue in each leg and reduce movement artefact. Participants then received an intravenous bolus injection of 10 l/kg of the activated contrast agent, followed immediately by a 10-ml saline "flush" per the manufacturer's instructions. At each data collection time point, data acquisition was initiated simultaneously in both ultrasound machines and coincided with the bolus agent injection. Microbubble appearance was assessed in the vastus lateralis muscle of both legs ϳ3-5 cm proximal to the site of muscle biopsy acquisition simultaneously. Contrast ultrasound measurements were recorded using two identical Vivid q BT10 (General Electric Health- care) echocardiography consoles equipped with Echopac (version 110.0.2; GE Medical Systems) software for storing and analyzing the data and M4S-RS matrix phased array transducers transmitting at 1.6 MHz and receiving at 3.3 MHz in left ventricular contrast mode. The ultrasound depth was set at 5.0 cm, the power was 12 dB, the mechanical index was 0.20, and the acquisition rate was 28 Hz. These settings were identical between ultrasound machines and for all data acquisition. Recording of a 180-s video clip in contrast mode permitted later offline analysis of the CEUS-generated time-intensity curves within the region of interest. Data were stored using the EchoPAC software package and analyzed using Q-Analysis (Echopac Version 110.0.2; GE Medical Systems). The background-subtracted video intensity was measured within a region of interest (ROI) within the vastus lateralis muscle, which was visually identified as containing no arterioles or venules. The y-axis was set to display the intensity of the signal in dB, and acoustic intensity data were determined for each ROI. The average intensity within a ROI was calculated in linear units and displayed as a function of time, generating a time-intensity curve.
For analysis of the CEUS data, acoustic intensity data were first smoothed using a local regression filter (robust locally weighted scatter plot smoothing) (44) with a window span of 10. Estimation of the baseline intensity and onset of the wash-in curve following the bolus injection were performed as described by Strouthos et al. (44) . Smoothed data were then curve-fitted (GraphPad Prism, version 5) using a ␥-variate function (24) . The resulting curves were imported into a computer software program (LabChart 7; ADInstruments, Colorado Springs, CO), where various curve parameters relating to microvascular hemodynamics were measured, including peak intensity, area under the curve (AUC), wash-in time, and full-width half maximum (FWHM). A perfusion index was calculated as the quotient of AUC and FWHM (24) .
Beverage composition. Study participants consumed their nutrient treatments in a blinded manner immediately following resistance exercise. The amino acid composition of each of the three treatments is outlined in Table 2 . The whey protein isolate (biPro; Davisco Foods, Le Sueur, MN) was independently tested (Telmark, Matawan, NJ) in triplicate for content analysis. The free-form amino acids used were as follows:
-serine, and L-tryptophan (Sigma Life Science; Sigma-Aldrich, St. Louis MO). All nutrient treatments were prepared in 300 ml of water. To minimize disturbances in isotopic equilibrium following amino acid ingestion, beverages were enriched to 4% with L-[ring-
13 C6] phenylalanine based on a measured phenylalanine content of 3.5% in the whey protein.
Analytical methods. Blood glucose was measured using a blood glucose meter (OneTouch Ultra 2; Lifescan, Milpitas, CA). Plasma insulin concentration was measured using a commercially available immunoassay kit (ALPCO Diagnostics, Salem, NH). Plasma amino acid concentrations (except for citrulline and arginine) were analyzed via GC-MS using the Phenomenex EZ faast (Torrance, CA) amino acid analysis kit per the manufacturer's instructions. Plasma citrulline and arginine concentrations were analyzed via high-performance liquid chromatography (HPLC), as described previously (57) . Plasma L-[ring-
13 C6] phenylalanine enrichment was determined as described previously (23) . Analysis of plasma nitrite and nitrate was determined as described previously (4) using a dedicated ENO-20 HPLC system (EiCom, San Diego, CA). Standard curves were generated using known molar concentrations of both nitrite and nitrate.
Muscle samples (ϳ40 -50 mg) were homogenized on ice in buffer [10 l/mg 25 mM Tris 0.5% vol/vol Triton X-100 and protease/ phosphatase inhibitor cocktail tablets (Complete Protease Inhibitor Mini-Tabs, Roche, Indianapolis, IN, and PhosSTOP, Roche Applied Science, Mannhein, Germany)]. Samples were then centrifuged at 15,000 g for 10 min at 4°C. The supernatant was removed, and protein concentrations were determined via BCA protein assay (Thermo Scientific, Rockford, IL). The pellet containing the myofibrillar proteins was stored at Ϫ80°C for future processing. Working samples of equal concentration were prepared in Laemmli buffer (29) . Equal amounts (20 g) of protein were loaded onto 10% or gradient precast gels (Bio-Rad Mini-Protean TGX Gels; Bio-Rad Laboratories, Hercules, CA) for separation by electrophoresis. Proteins were then transferred to a polyvinylidene fluoride membrane, blocked (5% skim milk), and incubated overnight at 4°C in primary antibody: phosphoAkt Ser 473 56 (1:1,000, no. 2331; Cell Signaling Technology). Membranes were then washed and incubated in secondary antibody (1 h at room temperature) before detection with chemiluminescence (SuperSignalWest Dura Extended Duration Substrate, no. 34075; ThermoScientific) on a FluorChem SP Imaging system (Alpha Innotech, Santa Clara, CA). Phosphorylation status was expressed relative to ␣-tubulin (1:2,000, no. 2125; Cell Signaling Technology) and is presented for each protein as fold change from basal fasted conditions. Images were quantified by spot densitometry using Image J software (National Institutes of Health).
Muscle biopsy samples were processed as described previously (34) . To determine the intracellular [
13 C6]phenylalanine enrichment, ϳ20 -25 mg of muscle was homogenized in 0.6 M perchloric acid. Free amino acids in the resulting supernatant fluid were then passed over an ion exchange resin (Dowex 50WX8-200 resin; Sigma-Aldrich) and converted to their heptafluorobutyric derivatives for analysis via gas chromatography-mass spectrometry (models 6890 GC and 5973 MS; Hewlett-Packard, Palo Alto, CA) by monitoring ions 316 and 322 after electron ionization. To determine myofibrillar protein-bound enrichments, a separate piece (ϳ40 -50 mg) of muscle was homogenized in a standard buffer containing protease and phosphatase inhibitors, as described above. The supernatant fluid was collected for Western blot analysis as described above, and the pellet was further processed to extract myofibrillar proteins, as described previously (34) . The resulting myofibrillar "enriched" protein pellet was hydrolyzed in 0.5 M HCL at 110°for 24 h. Subsequently, the free amino acids were purified using ion exchange chromatography and converted to their N-acetyl-n-propyl ester derivatives for analysis by gas chromatography combustion isotope ratio mass spectrometry (Hewlett Packard 6890, IRMS model Delta Plus XP; Thermo Finnagan, Waltham, MA).
Calculations. Mean limb blood flow (Q) was calculated from mean velocity and area using the formula Q (ml/min) ϭ MBV ϫ r 2 ϫ 60, where MBV is mean blood velocity (cm/s), r is the mean radius of the artery (cm) during the cardiac cycle, and 60 is a constant (s/min) to convert the calculated flow from milliliters per second to milliliters per minute. The mean radius of the artery was calculated from the diameter assuming that the artery was circular (r ϭ d/2). The mean diameter was calculated from the maximum diameter of the artery during systole (dmax, cm) and minimum of the artery during diastole (dmin, cm) weighted to the percentage of time spent at each diameter in the cardiac cycle: d ϭ (1/3) dmax ϩ (2/3) dmin.
CEUS-generated time-intensity curves were fitted to a ␥-variate function (24) :
], where SIpeak is the peak intensity value, TTP is the time to peak, and ␤ is the coefficient of the wash-in slope.
The FSR of myofibrillar protein was calculated using the standard precursor-product equation FSR ϭ [(E2b Ϫ E1b)/(EIC ϫ t)] ϫ 100, where Eb is the enrichment of bound (myofibrillar) protein, EIC is the average enrichment of the intracellular free amino acid precursor pool of two muscle biopsies, and t is the tracer incorporation time in hours. The utilization of "tracer naïve" subjects allowed us to use a preinfusion blood sample (i.e., a mixed plasma protein fraction) as the baseline enrichment (E1b) for calculation of resting (i.e., fasted) FSR, an approach validated by our research group (7) and subsequently corroborated by others (5) .
Statistics. Anthropometric measures, strength tests, daily step count, and dietary intake parameters were compared using a onefactor (treatment) ANOVA. Blood glucose, plasma insulin, plasma amino acids (leucine, ⌺BCAA, ⌺EAA, ⌺NEAA, citrulline, arginine, and ornithine), and plasma nitrite-nitrate were analyzed using a two-factor (treatment ϫ time) repeated-measures ANOVA. Systolic and diastolic blood pressure, mean arterial pressure, and heart rate were analyzed using a two-factor (treatment ϫ time) repeated-measures ANOVA. Plasma enrichments were analyzed using a two-factor (treatment ϫ time) repeated-measures ANOVA and linear regression.
Intracellular precursor pool enrichments, femoral artery blood flow, femoral artery vascular conductance, parameters of microvascular circulation from time-intensity curve analysis, myofibrillar FSR, and protein phosphorylation were analyzed using a three-factor (treatment ϫ time ϫ condition) mixed-model ANOVA. Protein phosphorylation is expressed as fold change from the fasted group. A Tukey post hoc analysis was performed whenever a significant F ratio was found to isolate specific differences. Statistical analyses were performed using the SPSS software package (version 16; IBM, Armonk, NY). The study was powered on the basis of previous work from our group (59) . Based on the expected differences between 20 g (i.e., a higher dose of protein than that employed in the present investigation) of protein and 40 g of protein and the variance in those means, using ␣ ϭ 0.05 and power at 90%, we calculated that we would require n ϭ 6/group to see differences between means. Running the same calculations for 10 g of protein, we would require n ϭ 4/group. Thus, with n ϭ 7/group, we were adequately powered to see differences between means and conditions comparing 45 g of whey to 15 g of whey protein. Values are expressed as means Ϯ SE. Means were considered to be statistically different for P values Ͻ0.05.
RESULTS

Participant characteristics.
Participant characteristics are shown in Table 1 . There were no differences between treatment groups for any of the anthropometric or descriptive variables examined (all P Ͼ 0.05). Participants consumed ϳ1.0 g protein·kg Ϫ1 ·day Ϫ1 , with no differences between treatment groups (WHEY: 0.96 Ϯ 0.06; WHEY ϩ CIT: 0.96 Ϯ 0.06; WHEY ϩ NEAA: 1.03 Ϯ 0.07; P Ͼ 0.05). There were no differences between treatment groups for total energy or the percent energy contribution from protein, carbohydrate, or fat (all P Ͼ 0.05; data not shown). Exercise variables and physical activity. There were no differences between treatment groups for unilateral 10-RM (Table 1) or the product of load (kg) ϫ volume (no. of repetitions) for exercise performed during the experiment (all P Ͼ0.05; data not shown). Daily step count over the 3 days prior to the experimental trial averaged 6,269 Ϯ 566, 5,980 Ϯ 1,091, and 6,189 Ϯ 873 for the WHEY, WHEY ϩ CIT, and WHEY ϩ NEAA groups, respectively, with no differences between groups (P Ͼ 0.05).
Blood glucose and plasma insulin. Blood glucose concentration demonstrated a main effect for time (P Ͻ 0.001), being transiently elevated above baseline values at 30 min posttreatment. Plasma insulin concentration demonstrated a main effect for time (P Ͻ0.001), increasing above baseline from 15 to 90 min posttreatment administration (Fig. 2) .
Plasma citrulline, arginine, leucine, ⌺BCAA, ⌺EAA, and ⌺NEAA. The concentration of plasma citrulline, arginine, leucine, ⌺BCAA, ⌺EAA, and ⌺NEAA over time is shown in Fig. 3 , A-F. Plasma citrulline (Fig. 3A) increased rapidly following WHEY ϩ CIT, demonstrating a treatment ϫ time interaction (P Ͻ0.001). The increase following WHEY ϩ CIT was greater than that for WHEY and WHEY ϩ NEAA from 15 to 300 min. Plasma arginine (Fig. 3B ) demonstrated a treatment ϫ time interaction (P Ͻ 0.001) with the increase following WHEY ϩ CIT being greater than that for WHEY and WHEY ϩ NEAA from 30 to 300 min. Plasma leucine (Fig. 3C) showed a treatment ϫ time interaction (P Ͻ 0.001) with WHEY being greater than WHEY ϩ CIT at 30 min and both WHEY ϩ CIT and WHEY ϩ NEAA from 45 to 300 min. In a similar fashion, plasma ⌺BCAA (Fig. 3D) showed a treatment ϫ time interaction (P Ͻ 0.001) with WHEY being greater than WHEY ϩ CIT at 30 min and both WHEY ϩ CIT and WHEY ϩ NEAA from 45 to 300 min. Plasma ⌺EAA (leucine, isoleucine, valine, threonine, methionine, phenylalanine, lysine, and histidine) showed a treatment ϫ time interaction (P Ͻ 0.001) with WHEY being greater than WHEY ϩ CIT at 45 and 60 min and both WHEY ϩ CIT and WHEY ϩ NEAA from 90 to 240 min (Fig. 3E) . Finally, plasma ⌺NEAA (alanine, glycine, serine, proline, asparginine, glutamic acid, glutamine, tyrosine, and tryptophan) demonstrated a treatment ϫ time interaction (P Ͻ0.001) with WHEY ϩ NEAA being greater than WHEY and WHEY ϩ CIT from 30 to 90 min (Fig. 3F) .
Plasma nitrate and nitrite. The concentrations of plasma nitrate and nitrite are shown in Fig. 4, A Values are means Ϯ SE [n ϭ 7/treatment group; P Ͻ 0.001 (main effect for time)]. BP, blood pressure; MAP, mean arterial pressure; HR, heart rate. Systolic BP, diastolic BP, MAP, and HR during the experimental trial. Data were each analyzed using a 2-factor (treatment ϫ time) repeated-measures ANOVA with Tukey's post hoc test.
a Difference from time 0 prior to exercise and nutrition (baseline).
Heart rate and blood pressure. Systolic blood pressure (mmHg), diastolic blood pressure (mmHg), mean arterial pressure (mmHg), and heart rate (beats/min) are shown in Table 3 .
Femoral artery blood flow and vascular conductance. Femoral artery blood flow in both FED and EX-FED conditions is shown in Fig. 5 , A and C. There was a significant condition ϫ time interaction (P Ͻ0.001) whereby blood flow in the EX-FED condition was increased above preexercise and nutrition basal values (time 0) and significantly different from the FED condition at 15, 30, and 60 min postexercise, whereas there was no change from baseline in the FED condition. Similarly, femoral artery vascular conductance in both FED and EX-FED conditions is shown in Fig. 5 , B and D. There was a significant condition ϫ time interaction (P Ͻ 0.001) whereby vascular conductance in the EX-FED condition was increased above preexercise and nutrition basal values (time 0) and significantly different from the FED condition at 15, 30, and 60 min postexercise, whereas there was no change from baseline in the FED condition.
Muscle microvascular perfusion. Analysis of CEUS-derived time-intensity curve variables is shown in Table 4 . Data are presented for n ϭ 6 in the WHEY and WHEY ϩ NEAA treatments due to technical difficulties during the experimental protocol that precluded data acquisition. All time-intensity curve variables were calculated from the fitted curve and not the raw image data. Peak intensity (arbitrary intensity units) demonstrated a main effect for time (P ϭ 0.001), being increased above the basal (fasted) time period at 90 min. A similar response was observed for the AUC (P ϭ 0.036) and the perfusion index (P ϭ 0.001). There were no effects for the wash-in time or time for FWHM (Table 4) .
Plasma and intracellular free phenylalanine enrichments. Plasma free phenylalanine enrichments did not differ between treatment groups (P ϭ0.56) or across time (P ϭ 0.84). The slope of the plasma free phenylalanine enrichment was not different from zero for any treatment group (Fig. 6) . Intracellular free phenylalanine enrichments did not differ between treatment groups (P ϭ 0.97), across time (P ϭ 0.74), or between conditions (P ϭ 0.73). The slope of the intracellular free phenylalanine enrichment was not different from zero for any of the treatment groups in either the FED or the EX-FED condition (Fig. 6) .
MPS. The time course (i.e., 0 -150 and 150 -300 min) of myofibrillar FSR showed a time ϫ condition ϫ treatment interaction (P ϭ 0.008). Rates of MPS were increased above basal (fasted) following each treatment when examined over 0 -150 min postexercise recovery; however, the increase following WHEY was significantly greater than the increase following WHEY ϩ CIT and WHEY ϩ NEAA under both FED (WHEY: ϳ159%; WHEY ϩ CIT: ϳ48%; WHEY ϩ NEAA: ϳ46%) and EX-FED (WHEY: ϳ265%; WHEY ϩ CIT: ϳ128%; WHEY ϩ NEAA: ϳ104%) conditions (Fig. 7,  A and B) . During 150 -300 min of postexercise recovery, MPS rates remained significantly increased above basal in the FED condition in WHEY (ϳ105%) and WHEY ϩ CIT (ϳ83%) but not WHEY ϩ NEAA (ϳ36%). In the EX-FED condition, MPS remained increased above basal during 150 -300 min postexercise recovery in all treatments; however, the increase in WHEY was significantly greater than the increase following WHEY ϩ CIT and WHEY ϩ NEAA (WHEY: ϳ245%; WHEY ϩ CIT: ϳ135%; WHEY ϩ NEAA: ϳ113%). Rates of MPS were significantly greater in EX-FED vs. FED conditions in each treatment group during both 0 -150 min and 150 -300 min of postexercise recovery (Fig. 7, A and B) . Similar to the time course data, MPS rates during the aggregate 0 -300 min postexercise recovery period demonstrated a time ϫ condition ϫ treatment interaction (P ϭ0.003). Rates of MPS were increased above basal following each treatment when assessed under both FED and EX-FED conditions; however, the increase following WHEY was significantly greater the than increase following WHEYϩCIT and WHEYϩNEAA under both FED (WHEY: ϳ128%; WHEYϩCIT: ϳ56%; WHEYϩNEAA: ϳ38%) and EX-FED (WHEY: ϳ251%; WHEYϩCIT: ϳ124%; WHEYϩNEAA: ϳ108%) conditions. Rates of MPS were significantly greater in EX-FED vs. FED condition in each treatment group during the Values are means Ϯ SE (n ϭ 7 for WHEY; n ϭ 6 for WHEY ϩ CIT; n ϭ 6 for WHEY ϩ NEAA treatment group). AIU, arbitrary intensity units; AUC, area under the curve; FWHM, full-width half-maximum. Parameters of contrast-enhanced ultrasound-derived time-intensity curve analysis examined under fasted (baseline) conditions in each leg prior to exercise and nutrition (EX and REST) and at 90 min following exercise and treatment administration in both EX-FED and FED conditions. Data for peak intensity, AUC, wash-in time, time for FWHM, and perfusion index were analyzed using a 3-factor (treatment ϫ time ϫ condition) mixed-model ANOVA with Tukey's post hoc test. Plasma free phenylalanine enrichments were analyzed using a 2-factor (treatment ϫ time) repeated-measures ANOVA with Tukey's post hoc test (treatment, P ϭ 0.56; time, P ϭ 0.84; time ϫ treatment, P ϭ 0.94). Linear regression was used to examine the slope of plasma free phenylalanine enrichment ϫ time for each treatment (WHEY: P ϭ 0.37; WHEY ϩ CIT: P ϭ 0.93; WHEY ϩ NEAA: P ϭ 0.32). Intracellular free phenylalanine enrichments were analyzed using a 3-factor (treatment ϫ time ϫ condition) mixedmodel ANOVA with Tukey's post hoc test (time, P ϭ 0.74; condition, P ϭ 0.73; treatment, P ϭ 0.97; time ϫ treatment, P ϭ 0.99; condition ϫ treatment, P ϭ 0.82; time ϫ condition, P ϭ 0.09; time ϫ condition ϫ treatment, P ϭ 0.99). Linear regression was used to examine the slope of intracellular free phenylalanine enrichment ϫ time for each treatment in both FED (WHEY: P ϭ 0.73; WHEY ϩ CIT: P ϭ 0.55; WHEY ϩ NEAA: P ϭ 0.84) and EX-FED (WHEY: P ϭ 0.70; WHEY ϩ CIT: P ϭ 0.70; WHEY ϩ NEAA: P ϭ 0.99) conditions. aggregate 0-to 300-min postexercise recovery period (Fig. 7, C  and D) . Muscle protein signaling. Changes in the phosphorylation status of signaling proteins involved in the regulation of mRNA translation initiation and elongation are shown in Table 5 . p-Akt (Ser 473 ) showed both a time ϫ treatment (P ϭ 0.004) and time ϫ condition (P ϭ 0.01) interaction. p-mTOR (Ser 2448 ) demonstrated a main effect for time (P ϭ0.003) and was increased above basal (rest) at both 150 and 300 min. p-AMPK (Thr 172 ) showed no differences between treatments (P ϭ 0.80), across time (P ϭ 0.71), or between conditions (P ϭ 0.48). p-p70 S6 kinase (S6K; Thr 389 ) showed main effects for time (P Ͻ 0.001), treatment (P ϭ 0.02), and condition (P ϭ 0.008); there was a trend for a time ϫ condition interaction (P ϭ 0.057). p-4E-BP1 (Thr 37/46 ) showed a time ϫ condition interaction (P ϭ 0.004) whereby both conditions (FED and EX-FED) were increased above baseline (fasted) at 150 min, whereas at 300 min p-4E-BP1 (Thr 37/46 ) phosphorylation remained elevated compared with baseline only in the EX-FED condition. p-rpS6 (Ser 240/244 ) showed a time ϫ condition ϫ treatment interaction (P ϭ 0.016). p-eEF2 (Thr 56 ) showed a main effect of time (P Ͻ 0.001) and was increased above baseline at both 150 and 300 min. Representative blot images are shown (Fig. 8) .
DISCUSSION
Contrary to our hypothesis, we discovered that although WHEY ϩ CIT increased plasma citrulline and arginine availability substantially, it did not increase femoral artery blood flow, skeletal muscle microvascular perfusion, or MPS compared with WHEY ϩ NEAA in the postprandial state under resting (FED) or postexercise (EX-FED) conditions in healthy elderly men. In agreement with previous work (36, 39, 59, 60) , we observed that a relatively large (45 g) bolus of protein (WHEY) resulted in a substantially greater stimulation of postprandial MPS compared with that elicited following a smaller dose of protein (15 g ) regardless of the additional amino acids added in WHEY ϩ CIT and WHEY ϩ NEAA (Fig. 7) . Thus, our results support the presence of anabolic resistance in our group of elderly subjects in that they required approximately double the quantity of protein (45 g) in a single bolus feeding compared with the quantity that was able to elicit a maximal response of MPS in the young (20 g) (33) . Previous studies have demonstrated that although smaller boluses of protein/EAAs stimulate increased MPS rates in the young (25, 26, 33) , they fail to do so in the elderly (25, 36, 39, 59, 60) . We have reported that MPS rates after resistance exercise are enhanced with ingestion of as little as 5 g protein after resistance exercise and maximally stimulated with 20 g in young men (33), whereas we were unable to detect any stimulation of MPS rates after resistance exercise with 10 g in the elderly; enhanced MPS rates were observed with 20 g of protein and enhanced further with 40 g of protein following resistance exercise (39, 59, 60) .
Given that the elderly appear to be insensitive to the muscle protein stimulatory effects of lower doses of protein (36, 39, 59, 60) , the development of nutritional interventions with the capacity to enhance the efficacy of smaller, less optimal doses of protein would be worthwhile. In the current study, we aimed to assess the impact of citrulline coingestion on MPS rates, since citrulline stimulates increased MPS rates in animal models (30, 35, 51) , effects that may be mediated at least in part via the mTORC1 pathway (30) . However, there is a paucity of data with conflicting results on the role of citrulline in the regulation of human protein metabolism. Rougé et al. (40) reported increased nitrogen balance following citrulline supplementation, whereas Thibault et al. (47) reported no change in whole body protein synthesis or breakdown in the postabsorptive state following citrulline supplementation. We found no effect of citrulline coingestion (WHEY ϩ CIT) on MPS rates compared with dose-matched NEAA coingestion in either FED or EX-FED conditions (Fig. 7 ). An isonitrogenous quantity of nonessential amino acids was chosen as a negative control for citrulline since they do not enhance MPS rates in humans (43, 53) . On the other hand, the positive control consisting of a 45-g bolus of whey protein (WHEY) resulted in a substantial increase in MPS and enhanced phosphorylation of p70S6k (Thr 389 ) in both FED and EX-FED conditions. Whereas the WHEY treatment contained 5.40 g of leucine, WHEY ϩ CIT and WHEY ϩ NEAA contained only one-third of this dose (1.80 g of leucine). We (11) and others (55) have demonstrated that the muscle protein anabolic effects of suboptimal doses of protein can be enhanced with leucine supplementation. In addition, other studies have demonstrated that leucine is a critical nutrient to stimulate increased MPS rates in the elderly (26, 38, 55) , and we have shown recently that a high dose (5 g) of leucine can make a small dose of protein (ϳ6 g) as effective as four times the quantity of protein (25 g) (9) . In the current study, we noted subtle differences in p70S6K (Thr 389 ) and rpS6 (Ser 240/244 ) following WHEY ϩ CIT compared with WHEY ϩ NEAA, as reported previously in animals (30) . However, we found that WHEY resulted in the greatest phosphorylation of Akt (Ser 473 ) and p70S6k (Thr 389 ) ( Table 5 ). This is perhaps not surprising given the role of leucine as a nutrient-signaling molecule regulating translation initiation of MPS (1, 14) .
Consistent with previous studies (21, 32, 40) , we found that citrulline (WHEY ϩ CIT) resulted in hyperargininemia (Fig.  3B) . We based our dose of citrulline (10 g) on work from Moinard et al. (32) , who reported saturation of arginine synthesis with greater doses of citrulline (i.e., 15 g). Despite marked hyperargininemia, WHEY ϩ CIT was not associated with an increase in plasma nitrate or nitrite concentrations, femoral artery blood flow (Fig. 5, A and C) , microvascular circulation, or MPS compared with WHEY ϩ NEAA. Previous studies have demonstrated that intravenous administration of arginine increases vasodilation and arterial blood flow; however, very high doses are required to elicit this effect (e.g., 30 g) (3). Mean plasma argeninemia following WHEY ϩ CIT increased by ϳ187% above postabsorptive values, with an average concentration maximum of ϳ248 Ϯ 17 M, a concentration considerably lower than the peak plasma arginine reported to increase vasodilation following intravenous arginine administration of ϳ6,200 M (3). Given that extracellular arginine (as opposed to intracellular arginine) has been reported to be a critical regulator of NO synthase-mediated NO production via endothelial cells (42) , it is possible that WHEY ϩ CIT did not stimulate a sufficient increase in plasma arginine availability to substantially impact NO metabolism and further enhance blood flow and microvascular circulation. Although it is possible that the dose of citrulline (10 g) used in the present study was insufficient to serve as a stimulus to augment blood flow and microvascular perfusion in the elderly, higher doses do not appear to enhance arginine availability (32) .
We observed time-dependent increases in variables of microvascular circulation, including peak intensity, AUC, and the calculated perfusion index; however, no changes were observed in the wash-in time or time for FWHM (Table 4) . Peak intensity and AUC relate to local microvascular blood volume (17, 24) , whereas the wash-in time and time for FWHM are measurements related to microvascular blood flow (17, 24). 56 ) were analyzed using a 3-factor (treatment ϫ time ϫ condition) mixed-model ANOVA with Tukey's post hoc test.
a Difference from baseline; †significantly different from WHEY ϩ CIT; ‡significantly different from WHEY ϩ NEAA; #significantly different from opposite condition at the same time point within that treatment.
The increase in peak intensity and AUC concomitant with a greater increase in the perfusion index (the quotient of AUC and time for FWHM) is consistent with work demonstrating changes in microvascular perfusion and volume but not microvascular blood flow after exercise (20) and with sodium nitroprusside (18) . Insulin is well recognized for its capacity to stimulate blood flow and recruitment of the microvasculature (for review, see Ref.
2). Early postprandial increases in insulin were apparent from 15 to 90 min following treatment administration; however, there were no significant differences between groups (Fig. 2) . One possibility is that the hyperinsulinemia following treatment administration served as a sufficient stimulus to promote optimal microvascular perfusion, thereby obscuring any potential impact of citrulline on NO-mediated vasodilation of the microvasculature. We propose that this is unlikely given the relatively low postprandial insulin response (ϳ25 U/ml) and the growing recognition that the inability of the elderly to mount a robust anabolic response following nutrient intake relates to a reduced sensitivity of skeletal muscle to the vasodilatory effects of insulin (49, 50) . Alternatively, the reduced blood flow and vascular conductance associated with aging has been associated with augmented sympathetic vasoconstriction (19) . It remains possible that any potential benefit to vascular hemodynamics from WHEY ϩ CIT was masked by an age-related increase in sympathetic vasoconstrictor status; future studies are warranted to investigate the impact of citrulline on blood flow and microvascular circulation in younger subjects who do not display these age-related changes.
However, microvascular circulation was assessed only at a single time point (90 min) in the postprandial period, so we may have missed some treatment-and condition-dependent differences. We made measurements of microvascular circulation at 90 min following beverage intake since plasma arginine peaks at this time following a 10-g bolus of citrulline (32) . A more frequent assessment of muscle microvascular circulation (31) may be required to more definitively assess the impact of citrulline on skeletal muscle microvascular circulation. In addition, substantial interindividual variability in parameters of microvascular circulation has been reported when assessed using CEUS (27, 31) , and thus we may have been underpowered to detect treatment-dependent differences in variables related to microvascular circulation.
In conclusion, our results demonstrate that citrulline (10 g) coingestion with a smaller suboptimal dose of whey protein (15 g ) can substantially increase plasma arginine availability; however, it does not increase plasma nitrate-nitrite, femoral artery blood flow, skeletal muscle microvascular perfusion, or MPS compared with the same dose of whey protein (15 g) supplemented with a complete mixture of nonessential amino acids (10 g) in healthy elderly men under resting or postexercise conditions. In contrast, three times the dose of whey protein (45 g) stimulated significantly greater postprandial MPS rates both at rest and following resistance exercise.
